INTRODUCTION
============

Rapid growth of available sequence data has made the detection of nucleic acids critical to the development of modern life sciences ([@B1; @B2; @B3]). Among the many methods devised for the detection and analysis of nucleic acids, amplification is one of the most important concepts since it permit the highest analytical sensitivity ([@B4; @B5; @B6; @B7; @B8]). PCR provides a general protocol for the amplified detection of DNA. Although the PCR method is time consuming and not free of limitations, it provides the most versatile method to detect minute amounts of DNA. The design of alternative approaches for the sensitive detection of DNA is in continuous demand. Enzyme conjugates ([@B4],[@B5]), DNAzymes ([@B6]) and nanoparticles ([@B7],[@B8]) have been used as amplifying labels for biorecognition events. Recently, a means of amplified DNA detection methods have been developed based on scission or replication. Since these DNA detection systems can be operated autonomously and repeatedly while they are trigged by the target, large amounts of DNA products are yielded to enhance the signal, the sensitivity of DNA detection is thereby significantly increased ([@B9; @B10; @B11; @B12; @B13; @B14]). Several systems have been designed to construct high sensitive DNA detection methods, e.g. autonomous replication of DNA/FokI cutter units ([@B9]), autonomous polymerization of a peroxidase-mimicking DNAzyme ([@B10]) and autonomous aggregation of Au nanoparticles ([@B11]).

Here we report a method for amplified detection of DNA based on the inherent signal-transduction mechanism of the hairpin fluorescence probe and strand-displacement property of polymerase. As such, the hairpin fluorescence probe acts as a template of polymerization reaction and fluorescence signal carrier, while the target acts as a trigger of polymerization reaction. The activation of this DNA detection system is based on the conformational change of the probe induced by hybridization between probe and target DNA. In this method, the target DNA is displaced in the process of the polymerization reaction and then hybridized to another probe. Thus, in essence, this design method allows hybridization, polymerization reaction and displacement to occur cycle-after-cycle, producing, at the same time, an amplified fluorescent signal sufficient to indicate the presence of trace amount of target DNA. Even though, this method is based on a simple design and is easy to use, it has demonstrated a high magnitude of amplified, sensitive detection with a limit of 6.4 × 10^--15^ M.

MATERIALS AND METHODS
=====================

Materials
---------

The hairpin fluorescence probe and oligonucleotide were commercially synthesized by TaKaRa Bio Inc. (Dalian, China). Sequences of the oligos are listed in [Table 1](#T1){ref-type="table"}. The polymerase Klenow fragment exo^−^ was purchased from New England Biolabs, Inc. The deoxynucleotide solution mixture (dNTPs) was purchased from TaKaRa Bio Inc. (Dalian, China) and the DMSO was obtained from Sigma. All other reagents were of analytical grade. Deionized water was obtained through the Nanopure Infinity™ ultrapure water system (Barnstead/Thermolyne Corp., Dubuque, IA, USA). Table 1.The hairpin fluorescence probe and oligonucleotidesNameSequence (5′ to 3′)Hairpin fluorescence probeFAM-*TCTTGGACACA* GTAAAGAGAGGTGCGCCCAT *TGT[GTCCAAGA]{.ul}*-DABCYLTargetATGGGCGCACCTCTCTTTACTGTGTC TTTRandom DNATGCAAGGTGTCAGTATAATCCGACGT TTTPrimerTCTTGGAC[^1]

Fluorescence measurement
------------------------

All fluorescence measurements were carried out on a F2500 fluorometer (Hitachi, Japan) equipped with an aqueous thermostat (Amersham) accurate to 0.1°C. Excitation and emission wavelengths were set at 496 and 517 nm, respectively, with 5-nm bandwidths. The emission spectra were obtained by exciting the samples at 490 nm and scanning the emission from 500 to 600 nm in steps of 1 nm. All samples were incubated at 37°C. When the fluorescence intensity became steady, the target was added into the mixture, and the fluorescence intensity was recorded simultaneously.

Target hybridization with hairpin fluorescence probe
----------------------------------------------------

Three samples were prepared to identify the hybridization feature of the hairpin fluorescence probe: sample A containing 5.0 × 10^--8^ M probe only; sample B containing 5.0 × 10^--8^ M probe and 5.0 × 10^--8^ M target; sample C containing 5.0 × 10^--8^ M probe and 1.0 × 10^--7^ M target. All samples were performed in 80 μl solution containing 50 mM Tris--HCl (pH 8.0) and 5 mM MgCl~2~ and incubated at 37°C. The difference of fluorescence intensity between samples with and without target indicated the detection capability of the hairpin probe.

The temperature melting curve of the hairpin fluorescence probe and its target
------------------------------------------------------------------------------

Two samples were prepared to determine the thermal profiles of the hairpin fluorescence probe and its target: Sample A containing 5.0 × 10^--8^ M probe only and sample B containing 5.0 × 10^--8^ M probe and 5.0 × 10^--8^ M target. All samples were performed in 80 μl solution containing 50 mM Tris--HCl (pH 8.0) and 5 mM MgCl~2~. The temperature was increased from 40°C to 90°C in steps of 2°C, with each step lasting 2 min.

Amplified detection of target
-----------------------------

The experiments were performed in 80 μl solution consisting of 5.0 × 10^--8^ M probe, 5.0 × 10^--8^ M primer, 15 U polymerase Klenow fragment exo^−^, 100 μM dNTPs, 6% DMSO, 1 mM DTT and 5 mM MgCl~2~ in 50 mM Tris--HCl (pH 8.0) and incubated at 37°C. A series of targets at different concentrations from 1.0 × 10^--10^ M to 1.28 × 10^−15^ M were then added to the mixture solution and the fluorescence intensities were recorded.

Gel electrophoresis
-------------------

A 20% non-denaturing PAGE analysis of the products by the isothermal strand-displacement polymerization reaction was carried out in 1 × TBE (pH = 8.3) at 80 V constant voltage for about 3 h. After Sybr green I staining, gels were scanned using an Image Master VDS-CL (Amersham Biosciences).

RESULTS AND DISCUSSION
======================

Principle of the amplified DNA detection method
-----------------------------------------------

The principle of our isothermal amplified detection DNA method is shown in [Figure 1](#F1){ref-type="fig"}. This DNA detection system consists of a hairpin fluorescence probe, a short primer and polymerase. The hairpin fluorescence probe possesses a stem-loop structure with a fluorophore and a quencher linked to the ends of the stem. The stem is 11-nt sequences long, and the loop is complementary to the target. The primer is an 8-nt sequences long, which is complementary to the stem region of the probe at 3′-end. In the absence of a target, the stem-loop conformational probe is unable to anneal with the primer to induce a polymerization reaction. However, in the presence of target DNA, the probe recognizes and hybridizes with it and undergoes a conformational change, leading to stem separation (Step 1). Following this, the primer anneals with the open stem and triggers a polymerization reaction in the presence of dNTPs/polymerase (Step 2). Next, in the process of primer extension, the target is displaced by the polymerase with strand-displacement activity, after which a complementary DNA is synthesized, forming a probe--cDNA complex (Step 3). Finally, to renew the cycle, the displaced target hybridizes with another probe, which triggers yet another polymerization reaction (Step 4). Throughout this cyclical process, the hairpin fluorescence probe plays a key role as both template of polymerization reaction and fluorescence signal carrier, while the target acts as a trigger of polymerization reaction. Amplified detection results from this activity because the target can be displaced and trigger the polymerization reaction circularly. Under these conditions, even minute amounts of targets can produce obvious fluorescence enhancement based on the circular polymerization reaction triggered by the displaced targets themselves. Therefore, by monitoring the increase of fluorescence intensities, we could detect the target with high sensitivity. Figure 1.The mechanism of isothermal amplified detection of DNA based on strand-displacement polymerization reaction. In the presence of target DNA, the hairpin fluorescence probe recognizes and hybridizes with it and undergoes a conformational change, leading to stem separation (Step 1). Following this, the primer anneals with the open stem of the hairpin fluorescence probe and triggers a polymerization reaction in the presence of dNTP/polymerase (Step 2). Next, in the process of primer extension, the target is displaced by the polymerase with strand-displacement activity, after which a complementary DNA is synthesized, forming a probe--cDNA complex (Step 3). Finally, to renew the cycle, the displaced target hybridizes with another hairpin fluorescence probe, which triggers yet another polymerization reaction (Step 4).

Design of the hairpin fluorescence probe
----------------------------------------

To achieve the degree of amplification desired, our design relies upon the annealing of the primer with the open stem after the hairpin fluorescence probe hybridizes with the target. Traditional hairpin probes, such as molecular beacons (MBs) contain 5--8-nt-long stem sequences and 15--35-nt-long loop sequences, which undergo conformational change upon hybridization with the target ([@B15],[@B16]). In contrast, the hairpin fluorescence probe used in this study has a stem long enough to ensure that stem hybridization affinity will be stronger than hybridization affinity with the primer. Therefore, in the absence of target, the primer does not induce polymerization reaction. On the other hand, a stem that is too long would restrain hairpin probe conformational change upon hybridization with target. Hence, in this work, the stem consisted of 11-nt-long sequences, thus forming a structure stable enough to prevent the primer from annealing with duplex stem. In order to open long stem hairpin probe upon hybridization with target, a 'shared-stem' ([@B17]) structure is designed, i.e. besides the loop region, six bases of the stem at 5′-end is complementary to the target ([Table 1](#T1){ref-type="table"}). 'Shared-stem' structure is a design variant of conventional MB where one arm of the stem participates in either hairpin formation or target hybridization. The hybrid of shared-stem MB with its target has more stable structure than the hybrid of conventional MB with its target ([@B17]).

Detection capability of the hairpin fluorescence probe
------------------------------------------------------

The activation of the DNA system is based on the conformational change of the hairpin fluorescence probe upon hybridization with target DNA. The enhancement of fluorescence intensities, as shown in [Figure 2](#F2){ref-type="fig"}, reveals the conformational change of hairpin fluorescence probe. Curves a--c are fluorescence intensities of 5.0 × 10^−8^ M probe in the presence of 0, 5.0 × 10^--8^ and 1.0 × 10^--7^ M target, respectively. The signal-to-background ratio (SBR) is often used to characterize the detection capability of the hairpin fluorescence probe and is calculated as (F~open~ -- F~buffer~)/(F~closed~ -- F~buffer~), where F~buffer~ is the fluorescence intensity of buffer solution, F~closed~ is the fluorescence intensity of buffer solution by adding probe and F~open~ is the fluorescence intensity of buffer solution by adding probe and target ([@B15],[@B16]). In this study, SBR of the hairpin fluorescence probe is 39.5 and 45.2, when the concentration of target is 5.0 × 10^--8^ and 1.0 × 10^--7^ M, respectively. These results implied that the hairpin fluorescence probe underwent a conformational change upon hybridization with the target and that fluorescence was restored. Therefore, the hairpin fluorescence probe was suitable to act as a template for polymerization reaction in this study. Figure 2.Hairpin fluorescence probe hybridization with target. The mixture containing 5.0 × 10^−8^ M probe with 0 M (curve a), 5.0 × 10^−8^ M (curve b) and 1.0 × 10^--7^ M (curve c) target, respectively. All samples were incubated at 37°C.

Thermal profiles of the hairpin fluorescence probe (curve a) and the hybrid with its target (curve b) are shown in [Figure 3](#F3){ref-type="fig"}. The *T*m value for probe and the probe hybridization to its target was 83°C and 56°C, respectively that are higher than the temperature of the polymerization reaction. This result indicated that the hairpin fluorescence probe, as designed, can be used in this strategy. Figure 3.Thermal profiles of hairpin fluorescence probe and the hybrid with its target. The mixture containing 5.0 × 10^--8^ M probe with 0 M (curve a) and 5.0 × 10^--8^ M (curve b) target, respectively. The temperature was increased from 40°C to 90°C in increment of 2°C, with each increment lasting 2 min.

Verification of the amplified DNA detection method
--------------------------------------------------

As previously described, the hairpin fluorescence probe undergoes a conformational change upon hybridization with its target and provides an opened stem for primer annealing. Strand-displacement polymerization reaction is then triggered in the presence of polymerase. Having proved the suitability of the hairpin probe, as designed, we now investigated the feasibility of this method for amplification of DNA detection. As shown in [Figure 4](#F4){ref-type="fig"}, the fluorescence intensity increased upon addition of target to the mixture containing dNTPs and polymerase (curve a), indicating that the polymerization reaction was triggered by the target. Furthermore, the fluorescence intensity maintained its increase with time, indicating that the continuous formation of probe--cDNA complex was the result of circular polymerization reaction. The fluorescence intensity of the solution reached maximum within 4000 s, indicating that the target quantitatively converted the probe to the signaling state. In the absence of a target, no fluorescence intensity change was observed, indicating that no polymerization reaction was triggered (curve b). A control experiment performed with addition of random single-stranded DNA revealed that polymerization reaction was not triggered even in the presence of dNTPs/polymerase (curve c), implying that the detection was target-specific. Figure 4.Verification of isothermal strand-displacement polymerization reaction. The mixture containing 5.0 × 10^−8^ M probe and 5.0 × 10^--8^ M primer with 6.25 × 10^--9^ M target (curve a), 6.25 × 10^--9^ M random DNA (curve c) added at *t*~0~ in the presence of dNTPs/polymerase respectively; curve b: no target added.

The above results were further confirmed by electrophoresis. [Figure 5](#F5){ref-type="fig"} shows electrophoresis results of products synthesized by polymerization reaction at various reaction time intervals. Lanes a, b and c are nucleic acid bands generated at 60, 20 and 0 min, respectively. As expected, the content of probe--cDNA complex (the middle band in lane b) increased as the reaction time increased. In addition, a new product (the upper band) with a slower migration speed than that of probe--cDNA complex appeared in lane b. As shown in [Figure 1](#F1){ref-type="fig"}, an intermediate product of probe--target--cDNA complex exists in the process of primer extension before target was displaced (Step 2). Therefore, the new band might be the probe--target--cDNA complex. Figure 5.Non-denaturing PAGE analysis of the products by the isothermal strand-displacement polymerization reaction. a--c curves: products generated by the isothermal strand-displacement polymerization reaction containing 2.0 × 10^--7^ M probe, 2.0 × 10^--7^ M primer and 2.0 × 10^−8^ M target at different time intervals in the presence of dNTPs/polymerase, (a) *t* = 60, (b) *t* = 20, (c) *t* = 0 min. All samples were incubated at 37°C.

Amplified detection of target with high sensitivity
---------------------------------------------------

[Figure 6](#F6){ref-type="fig"}A shows the fluorescence intensities observed upon analyzing different concentrations of targets with this method. The results showed that the number of opened probes increased as the concentration of the targets increased. [Figure 6](#F6){ref-type="fig"}B shows the relationship between the rate of fluorescence enhancement (for 1000 s) and the concentration of target. As the concentration of the target increases, the rate of fluorescence enhancement increases. For this method, when the target is 6.4 × 10^--15^ and 1.28 × 10^--15^ M, the (F -- F~0~) is 10.3 and 8.7, the background noise is 3.2, and then the signal-to-noise is 3.2 and 2.7 (F~0~ is the fluorescence intensity of the solution before the polymerization reaction, and F is the fluorescence intensity of the solution after the polymerization reaction for 1000 s). Therefore, 6.4 × 10^--15^ M was considered as the detection limit, which is two or three order of magnitude lower than that of other reported DNA amplified detection methods ([@B10],[@B11]). The turnover rate of this method is also calculated. As shown in [Table S-2](http://nar.oxfordjournals.org/cgi/content/full/gkn1024/DC1), the turnover rate (s^--1^) of this method was 0.051, 0.211, 0.820 and 2.828, with target concentration of 8.0 × 10^--13^, 1.6 × 10^--13^, 3.2 × 10^--14^ and 6.4 × 10^--15^ M, respectively. Since the rate of fluorescence enhancement is influenced by multiple factors, including the concentration of input target and reaction time, the turnover rate of this method varies according to different target concentrations. Figure 6.Detection of different concentrations of target based on isothermal strand-displacement polymerization reaction. Experiments were performed in the presence of 15U polymerase Klenow fragment exo^−^ and 100 μM dNTPs with 5 × 10^--8^ M probe, 5 × 10^--8^ M primer, and different concentrations of target. (**A**) Monitoring the fluorescence intensity of this amplified DNA detection method over a range of target DNA concentrations. The curves from a to i contain the target with 1.0 × 10^--10^, 2.0 × 10^--11^, 4.0 × 10^--12^, 8.0 × 10^--13^, 1.6 × 10^--13^, 3.2 × 10^--14^, 6.4 × 10^--15^, 1.28 × 10^--15^ and 0 M, respectively. All samples were incubated at 37°C. (**B**) The relationship of the rate of fluorescence enhancement with target DNA concentration.

In order to confirm whether the high sensitivity of DNA detection results from the circular strand-displacement polymerization reaction, control experiments with target at various concentrations reacting with the hairpin fluorescence probe in the absence of primer/polymerase were also carried out. As shown in [Figure 7](#F7){ref-type="fig"}, fluorescence intensities also increased with increasing concentration of target, a result obviously produced by the hybridization of target with probe. However, the fluorescence intensities reached a plateau within only a few minutes, implying that no circular strand-displacement polymerization reaction occurred without the inclusion of both primer and polymerase. The detection limit was only 1.0 × 10^−10^ M. Figure 7.The hairpin fluorescence probe response to the target. Experiments were performed in the absence of polymerase and dNTPs with 5 × 10^--8^ M probe and different concentrations of target. The curves from a to e contain the target with 1.25 × 10^--8^, 2.5 × 10^--9^, 5 × 10^--10^, 1 × 10^--10^ and 0 M, respectively. All samples were incubated at 37°C.

Moreover, this method is based on an isothermal amplification process, and the product of primer extension is 34-nt sequences long. Consequently only a small interval of time is required for each primer extension. Therefore, although this method is a linear amplification, the circular speed of it is much quicker than that of PCR, and high sensitivity is achieved in a shorter time. Notwithstanding these advances, this method is still not as sensitive as PCR, and, as a result, a pretreatment, such as enrichment, may be necessary for some biological samples. In our case, however, the probe was hybridized with a single-strand DNA, indicating that this method can be mainly used for detection of actual biological samples with single-strand genomic DNA. In nature, many viruses have single-strand genomic DNA, such as Parvoviridae, Geminiviruses, Microviridae or Inoviridae ([@B18]). Therefore, this method has potential application to the analysis of pathogens.

CONCLUSION
==========

In summary, a method with a novel platform which amplifies single-strand DNA (ss DNA) detection based on polymerase-induced isothermal strand-displacement polymerization reaction was presented in this paper. The detection limit of this method is 6.4 × 10^--15^ M, which is five orders of magnitude lower than that of the same hairpin fluorescence probe hybridizing with the target without primer and polymerase. Therefore, this isothermal and rapid analysis of target DNA demonstrated the appealing bioanalytical features of this method, which can be expected to provide a sensitive platform for amplified detection and subsequent analysis of nucleic acids.
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[^1]: The italicized region of the hairpin fluorescence probe identifies the stem sequence and the underlined region identifies the complementary sequence to the primer.
